Abstract Epigenetic regulation utilizes different mechanisms to convey heritable traits to progeny cells that are independent of DNA sequence, including DNA silencing, posttranslational modifications of histone proteins, and the posttranscriptional modulation of RNA transcript levels by noncoding RNAs. Although long non-coding RNAs have recently emerged as important regulators of gene imprinting, their functions during osteogenesis are as yet unexplored. In contrast, microRNAs (miRNAs) are well characterized for their control of osteogenic and osteoclastic pathways; thus, further defining how gene regulatory networks essential for skeleton functions are coordinated and finely tuned through the activities of miRNAs. Roles of miRNAs are constantly expanding as new studies uncover associations with skeletal disorders. The distinct functions of epigenetic regulators and evidence for integrating their activities to control normal bone gene expression and bone disease will be presented. In addition, potential for using "signature miRNAs" to identify, manage, and therapeutically treat osteosarcoma will be discussed in this review.
Introduction
Since discovery of the DNA code, transcriptional control by transmissible DNA regulatory elements in gene promoters was established as the fundamental determinate of gene regulation and tissue-specific commitment and progression of cells to establishment and maintenance of a differentiated phenotype. This dogma of gene regulation changed with the characterization of several reversible, post-translation modifications of chromatin that were able to orchestrate heritable changes in gene expression and provide a new level of understanding for regulation of gene expression that continues to expand. The variations in expression of genes among individuals, referred to as "trait-associated DNA" is important for understanding biological differences not solely transmitted through DNA sequence [1] . In addition to their role in normal biological variance, epigenetic pathways are being recognized for their associations with diseases [2] , including diabetes [3] , cardiovascular disease [4] , and obesity [5] . For skeletal disorders, there are few comprehensive studies, however, recent reviews have called attention for the need to better understand the contribution of epigenetic control mechanisms to osteoporosis, osteoarthritis and other skeletal disorders [6] [7] [8] [9] . This review will cover the spectrum of epigenetic mechanisms that modulate gene transcription, including DNA methylation, histone post-translational modifications, long noncoding RNA binding, as well as epigenetic mechanisms regulating mRNA translation, such as microRNAs (miRNAs) (Fig. 1) . Recent studies have provided compelling evidence that each of these epigenetic levels are integrated in cooperative pathways and regulatory networks to control biological change [10] . Several excellent reviews have documented characterization of many miRNAs regulating distinct aspects of bone formation [7, [11] [12] [13] [14] [15] . In this review, emphasis will be on findings from numerous in vitro and several in vivo studies that have contributed to defining modes of epigenetic control of genes from a systems biology perspective. In addition, potential and ongoing future directions will be discussed that will lead to new modes of diagnosis and treatment of osteosarcoma and other bone-related diseases.
Interrelated Epigenetic Mechanisms: Multifaceted Biological Control of the Genome

DNA Methylation
The earliest recognition of epigenetic control was the silencing of genes by DNA methylation, which accounts for much of the inherited transcription of genes, as well as the deregulation, and frequent abrogation of gene silencing that contributes to cancer [16] . Large stretches of cytosine and guanine dinucleotides (CpG islands) flanking genes and gene promoters are primary targets for methylation by a small family of DNA methyltransferases (e.g., DNMT1, DNMT3, DNMT3b, etc.) resulting in repressed gene expression. This mode of epigenetic control contributes to genome stability, development, and the transcription of genes. Discovery of teneleven translocation (TET) enzymes that can actively reverse DNA methylation revealed that functions of DNA methylation can be regulated through demethylation [17] . To date, the most well studied mechanism is by oxidation of 5-methylcytosine to 5-hydroxymethyl cytosine; and there is much yet to learn regarding biological states that are dynamically controlled by the methylation-hydroxymethylation status [17] . Further, recent studies indicate that miRNAs contribute to resulting methylation of DNA. Such findings underscore the integration of epigenetic pathways [18, 19] .
Studies have examined the role of DNA methylation in bone, during bone development [20] and directly regulating bone-related genes (e.g., osteocalcin) [21] , Dlx, and Osx [22] . Most recently, a genome-wide methylation profile during osteoblast differentiation showed that the promoters of the genes highly methylated in nonosseous cells must be demethylated for their activation of transcription at the onset of osteoblast differentiation [23] . In addition, osteogenic signaling factors such as BMP and hormones regulating bone metabolism can affect DNA methylation mechanisms. Dexamethasone, well known for its negative effects on bone formation, was discovered to influence promoter methylation that favored adipogenesis over osteoblastogenesis [24] . Studies have also indicated that the methylation levels of the two cytochrome P450 enzymes that regulate vitamin D hydroxylation are informative for providing vitamin D responses in subjects [25] [26] [27] .
DNA methylation is linked to a large number of diseases and has a widely studied role in numerous cancers. DNA methylation patterns in breast cancer subtypes are being examined for the correlation with risk, racial disparity, and other parameters of disease outcome [28] . In contrast, examination of DNA methylation in aging bone disorders such as osteoporosis and osteoarthritis has been minimal. However, a few notable, studies have highlighted the importance of this mechanism in these diseases [29] [30] [31] [32] . Recently, deregulated chondrocyte DNA methylation was observed in arthritis [33] . Additionally, it was demonstrated that Type IX collagen was hypermethylated in OA chondrocytes and exhibited reduced expression, contributing to compromised capability to maintain cartilage tissue in the diseased state [34] .
Histone Modifications
Dynamic and stable changes in DNA structure are induced by the post-translational modifications of core histone proteins that comprise the nucleosome unit in addition to coiled DNA. Numerous enzymes chemically modify amino terminal "tails" of histone proteins, thereby altering interaction with DNA and allowing for interactions with chromodomain and bromodomain-containing proteins that recognize lysine acetylation and methylation sites, respectively. These interactions stabilize large chromatin remodeling complexes (e.g., SWI/ SNF) or modulate nucleosome positioning. The interactions of chromatin with SWI/SNF complexes allow for displacement of nucleosomes near translational start sites, thereby facilitating transcriptional activation [35] . The fine regulatory roles for these chromatin modifications have been linked with developmental activation of the osteocalcin gene [36, 37] .
The H3 and H4 core histone tails are the main target for acetylations (Ac) and methylations (Me), primarily at lysine and arginine residues. Methylation of specific lysine residues have defined roles in regulating gene expression. Actively transcribed or genes poised to be expressed are generally marked by trimethylated H3K4 (H3K4me3) near transcription start sites. In contrast, H3K27me3 modifications are mechanistically associated with repression of genes [38] . Prior to differentiation, genes that are poised but not yet expressed, may contain both H3K4me3 and H3K27me3 marks at gene promoters in a concept referred to as bivalency [39] . Regulation of methylation on lysine residues on histones, specifically, H3K9me3 and H3K27me3, by lysine demethylases (KDMs) have been demonstrated to be important in commitment of mesenchymal cells to osteoblasts [40] .
Acetylation of lysine residues on histones is associated with gene activation and these modifications are conferred by a broad spectrum of histone acetylating enzymes (HATs). In general, HAT activity results in increased gene expression, while removal of acetyl groups by histone deacetylases (HDAC) decreases gene transcription. Studies have identified the significance of histone modifying enzymes on skeletal development. For example, HDAC4 is a potent inhibitor of endochondral bone formation (EBF) in vivo [41] . The phenotype of excess bone in HDAC null mice, as well as inhibited EBF by overexpression of HDAC4 in chondrocytes, has been attributed to modifications in Runx2 activity. There is a requirement for a transcriptional complex that includes Runx2 and HDAC4 to regulate genes essential for normal endochondral bone formation. More recently, conditional knock-out of HDAC3 in chondro-osteoprogenitors (Osx-Cre positive osteoprogenitors) was revealed to be a positive regulator of osteoprogenitors [42] . HDAC3 null mice exhibited a marrow filled with massive numbers of adipocytes. The importance specifically of lysine acetylation (e.g., H3K9Ac, H3K27ac) and the actions of HDACs in regulating osteogenesis have been recognized [43] [44] [45] .
Other post-translational modifications of the histone proteins can include phosphorylation, methylation, sumoylation and ubiquination at distinct amino acid residues. A combination of specific histone marks provide a signature or "histone code" for a cell phenotype or a disease state. Generally, such histone marks are found on regulating regions of lineagespecific genes that together indicate cell commitment or activation of a differentiation program and can be informative as to which genes are expressed in normal or altered in a disease state. In addition, several other histone modifying proteins including WDR5 [46] , NO66 [47] , and others [48] have been demonstrated to play a role in osteogenesis and/or bone formation. These studies highlight the importance of understanding the epigenetic contribution of histone modifications to normal bone biology and pathologic disorders. Such knowledge has the potential to provide a basis for therapy to reverse skeletal disorders by targeting the enzymes responsible to for the deregulated histone modification.
Not to be overlooked is the combinatorial role of transcription factors in mediating epigenetic modifications. Transcription factors can both activate or repress target genes in pluripotent cells and following commitment to a phenotype. Thus, the functional coupling of transcriptional regulators binding to sequence-specific DNA regulatory elements with co-regulatory factors that are histone modifiers, underscores the importance of transcriptional regulation through chromatin modification in developmental cell fate decisions and in disease pathogenesis. Runx2, an essential transcription factor for osteoblast differentiation, has demonstrated properties in forming complexes with SWI/SNF proteins, e.g., Brg1 [36, [49] [50] [51] , regulating nucleosome sliding for transcription factor accessibility [36] , forming complexes with both HATs and HDACs [45] , and directly regulating expression of other chromatin remodeling factors, as Ezh2 [52••] . Epigenetic control of gene expression by histone modifications coupled with transcription factors is the major contributor to dynamic changes required for gene expression during cellular differentiation programs or in response to physiological signals.
Non-Coding RNAs (ncRNA)
The mammalian transcriptome is highly complex and involves a large number of non-coding RNAs. Recent large scale transcriptome studies have determined that less than DNA methylation is the major contributor to heritable traits. Mitotic bookmarking contributes to cell phenotype stability during cell division. Histone modifications on amino acids in tails of histone proteins (e.g., acetylation, methylation, phosphorylation) alter DNA structure to facilitate accessibility of transcription factor binding. RNA machinery involves several classes of small and long non-coding RNAs; the miRNAs are extensively discussed in this review, as they have greatly impacted on bone biology and represent promise of therapeutic applications for bone diseases (adapted from Google Images, Murakami, A., Kyoto University) 5 % of the entire human genome is transcribed from DNA into messenger RNA [53] . More than 75 % of the cellular transcriptome is comprised of ncRNA. This abundant class of RNA molecules includes many different types, which are classified either by their size (e.g., long non-coding (lnc), microRNA (miRNA)) or cellular location and activity (e.g., snoRNA, piRNA) [54, 55] . Of these groups, the most wellcharacterized are the miRNAs [56] .
The central importance of miRNAs in epigenetic control of cellular properties is their functional ability to bind to many target mRNAs because of their small seed sequence, providing sprawling regulatory control of diverse biological processes. Targeting of miRNAs occurs primarily at the 3' UTR but also in some 5' UTR domains. The complementary binding of the miRNA to a targeted mRNA transcript results in degradation of the mRNA (perfect complementary sequence match) or stable binding (imperfect match) resulting in blocked translation of protein. In this manner, miRNAs regulate signaling pathways by targeting multiple components of a pathway and can be viewed as masterminds of cellular processes, regulatory pathways, and network connections. The canonical pathway of miRNA biogenesis has been well studied with respect to their processing by enzymes to pre-miRNAs in the nucleus by Drosha and to mature functional miRNAs in the cytoplasm by Dicer. The argonaute complex that allows interaction of the miRNA with its target messenger RNA. However, recent studies have revealed noncanonical pathways and even more complex mechanisms involving modifications of miRNA, expanding their functional activities [57] . Functional roles of miRNAs in regulating osteogenesis are presented below in an expanded section.
Like miRNAs, lncRNAs function in lineage commitment but through an entirely different set of mechanisms. lncRNA are more recently discovered and have multiple and complex regulatory mechanisms [58] . They can function much like transcriptional activators, binding to gene promoters or enhancers to activate gene expression [59] . In the case of the XIST gene, this lncRNA functions in female cells to inactivate the second copy of the X-chromosome [60] . Studies are now emerging that indicate substantial cross regulation between miRNA and lncRNA, with the large lncRNA acting as "sponges" to sequester miRNAs, thereby inhibiting their activities [61] . To date, very few papers have examined lncRNAs function within bone, which is surprising given the number of excellent studies on lncRNA functions in muscle [62] [63] [64] [65] .
Mitotic Bookmarking
Phenotype stability is maintained during cell division through a process known as "mitotic bookmarking". During mitosis the majority of phenotypic genes are not transcribed; rather genes are poised to resume transcription immediately after completion of cell division. This suggests that the cell has a "memory" of the transcriptional program and the chromatin state prior to cell division (hence, "bookmarked"). This assures that genes required to maintain a lineage specific phenotype or induce a differentiation program are rapidly transcribed in post-mitotic cells.
The mechanism of maintaining phenotype stability during mitosis by the retention of tissue-specific transcription factors at target gene loci on mitotic chromosomes arose from the initial discovery that Runx2 remained bound to ribosomal genes that are transcribed by RNA Pol I acrocentric chromosomes, and equally important, Runx2 is concentrated on RNA Pol II-transcribed genes on mitotic chromosomes [66] . This observation was seminal to understanding how phenotype stability is maintained during cell division. Association of Runx2 with ribosomal genes in the nucleolus imaging cells following cell division indicates coordinate control of protein synthesis and phenotype. Since this discovery, other tissuespecific transcription factors have been identified to function in a similar manner. For example, C/EBPα (an archetypical tissue-specific transcription factor regulating adipogenesis) and not PPARγ, was observed to be associated with mitotic chromosomes for pre-adipocyte stability during proliferation. This level of control underscores the importance for architectural organization of tissue-specific regulatory machinery reflected by the strategic location of transcription factors at multiple sites on target genes in focal microenvironments in the interphase nuclease. Several reviews have described the importance of compartmentalization of transcriptional machinery in unique subnuclear domains for specific biological processes [67] [68] [69] .
miRNAs: An Epigenetic Mechanism by Translational Control of Proteins
The discovery of microRNAs (miRNAs) led to seminal findings in human biology and disease states. The importance of miRNAs in organ development in mouse models was first established by tissue-specific conditional deletion of the Dicer enzyme essential for the biogenesis of functional miRNAs. The advent of miRNA profiling studies revealed miRNAs functions in maintenance of cell stemness, commitment and differentiation of cell phenotypes and in the cancer, the characterization of "oncomiRs" associated with disease progression paved the road to miRNAs as therapeutic possibilities [70, 71] . The hundreds of studies examining differentiation of mesenchymal lineages, including adipocytes, myoblasts, chondro-and osteoprogenitors regulated by miRNAs added a new dimension for understanding cellular plasticity and the regulation of lineage commitment. From this knowledge base, studies exploring miRNAs linked to degenerative disease that includes osteoporosis and osteoarthritis [6] [7] [8] [9] and bone cancers, particularly metastatic bone disease [72] [73] [74] , osteosarcomas [75] , and multiple myeloma [76] .
miRNAs have powerful properties in regulating commitment to the osteoblast phenotype. They drive progression of differentiation and, at the same, time support the timing of expressed genes and stability of subpopulations of bone cells. Understanding their complex control of osteogenic signaling pathways in relation to other epigenetic control mechanisms is crucial to developing miRNAs for therapeutic intervention of skeletal disorders. As a result of hundreds of studies characterizing miRNA functions in relation to a specific target(s) during osteoblast or osteoclast differentiation [5] [6] [7] [11] [12] [13] [14] [15] , new concepts developed expanding our knowledge of miRNA control of bone formation. The following experimental findings point to mechanisms and osteogenic activities controlled by miRNAs.
Subsets of miRNAs are Required for Formation of Bone During Development and for Regulating Bone Mass in the Adult Skeleton
Conditional ablation of the Dicer gene in early chondroosteoprogenitors by a Col1a-Cre driver and in osteoblasts using Osteocalcin (OC)-Cre mice established the requirement for functional miRNAs in bone formation [77] . Dicer Δcol/Δcol mice resulted in embryonic lethality at E 12.5, and neither calcified cartilage nor bone was evident compared with WT mice, suggesting a subset of miRNAs are critical for induced osteogenesis. In contrast, conditional knock-out (CKO) of Dicer in mature osteoblasts increased bone mass nearly twofold continuously during post-natal growth up to eight months in Dicer Δcol/Δcol . The phenotype was attributed to robust synthesis of bone matrix proteins. Bone resorption was not impaired, but kept up the pace for bone remodeling. Several miRNAs characterized for their roles in osteoblasts, explain the high bone mass phenotype: miR-29a,b inhibits collagens, osteonectin and Wnt inhibitors, miR-218 [78] and miR-335-5p [79] target different inhibitors of Wnt and BMP/TGFβ, and miR-338-39 represses FGF2 signaling [80] . In addition, miRNAs present in osteoblasts inhibits bone essential transcription factors, including 11 Runx2 miRNAs [81] [87] , and the miR-23a~27a~24-2 cluster [88] . Accelerated bone formation in Dicer CKO osteoblasts indicates that the deficiency in functional miRNAs relieved repression of essential osteogenic factors, thereby increasing osteoblast activity and bone volume. An important conclusion from the above studies is that a cohort of miRNAs regulate the pace of bone formation and limits bone mass in the adult skeleton. Such knowledge is opportune for development of translational approaches for skeletal complications.
miRNAs Function as Regulators of Osteogenic Pathways Through Different Mechanisms
During osteogenesis, the same miRNA can target different genes, dependent on the stage of osteoblast differentiation. This ability supports the temporal expression of genes. The specificity for a miRNA to inhibit protein translation at one stage and allow for transcription of the gene at a different stage is not clear, but for many targets in osteoblasts and osteoclasts, a reciprocal expression pattern between the miRNA and the target is observed [89, 90] . This notion is clearly evident from the diversity of miR-29 a,b targets [91] and the miR cluster miR-23a~27a~24-2 targeting three essential transcriptional regulators [88] .
miRNAs are a mechanism to epigenetically support pluripotency of a cell, as well as control lineage commitment to a specific phenotype. For example, specific miRNAs expressed at high levels in the mesenchymal stem cell (MSCs) target tissue-specific regulators to prevent phenotype differentiation. These miRNAs become downregulated in response to a signaling cue for a differentiation program. For osteogenesis, it is well documented that BMP2 downregulates many miRNAs that target Runx2, Osterix, Satb2, Smad receptors, and others [92] . BMPs operate similarly in other differentiation programs, e.g., in muscle by upregulating and downregulating miRNAs in progenitors [93] . Importantly, phenotype stability of the differentiated cell is maintained through a mechanism by which a single miRNA targets transcription factors essential for inhibition of a competing phenotype. For example, miR-133a promotes myogenesis, but this miRNA also sharply downregulates Runx2 to block osteogenesis [92] . This complementary regulation is also observed by miRNAs that maintain a balance between adipocytes and osteoblasts. With aging, fatty marrow develops. Investigations have focused on identifying molecular mechanisms that switch bone marrow mesenchymal cells (BMSCs) from adipogenic to osteogenic differentiation [94, 95] . This decision process and maintaining a physiological balance between fat and bone is controlled in part by multiple miRNAs, including miR-204, miR-30a, miR-17-5p, miR106a, miR-22, miR-705, miR-3077-5p, miR-637. These miRNAs either decrease BMP2 signaling or inhibit the bone essential Runx2 and Osterix/Sp7 regulators, resulting in cells that default to adipocyte differentiation and/or the miRNAs may actively promote adipogenesis [24, 81, 92, 94, [96] [97] [98] [99] .
MiRNA Regulatory Circuits Within Osteoblasts
MiRNAs are involved in intricate feedforward and feedback pathways in regulation of biological processes. One example is the miR cluster 23a~27a~24-2 [88] that is transiently upregulated prior to osteoblast commitment, at which time Runx2 inhibits expression of the cluster at Runx2 regulatory elements in the proximal promoter of the cluster. Each miRNA in the cluster directly represses Satb2, an important co-activator with Runx2 for bone formation. Thus, Runx2 downregulation of the cluster promotes differentiation by increasing Satb2. However, the cluster begins to increase in expression when reaching the mineralization stage to downregulate Runx2 directly via miR-23a, as well as Satb2 and Hoxa 10 by miR-27a. In this manner, these osteogenic factors are decreased and maintained at physiological levels when differentiation is completed.
Runx2 is involved is several complex circuits; e.g., miR-218 upregulates Wnt signaling by downregulating three inhibitors of Wnt signaling (Sost, SFRP2, DKK2), and in turn, Wnt signaling increases the level of Runx2 creating a positive feedback loop to recruit more progenitors cells into the osteoblast lineage. MiR-31 controls a loop which directly decreases expression of Osx and Satb2, but not Runx2. In fact, Runx2 represses miR-31, accounting for the decreased expression of miR-31 during BMSC differentiation [87] . Osterix/Sp7 and miR-93 also function in an autoregulatory loop where miR-93 directly targets Osx/Sp7, downregulating expression of this transcription factor [100] . miRNA activities can also regulate cellular protein levels by a mechanism in which miRNAs protect bone-essential transcription factors from proteosomal degradation; miR-322 protects Osx and miR-15b protects Runx2 from SMURF-mediated protein degradation [99, 101] .
Regulating the miRNAs
The osteogenic signaling pathways TGFβ/BMP and Wnt have demonstrated consequences in down and upregulating miRNAs [78, 92] . Hormonal and cytokine signals impact on miRNA levels. As well, drugs that affect the skeleton, are expected to change homeostatic miRNA levels. The precise molecular mechanisms for regulating miRNA cellular levels require further study. miRNAs can regulate their biogenesis by targeting the Dicer and Drosha enzymes and components of the RISC complex. As nearly 70 % of miRNAs are located in intronic sequences, cellular levels of many miRNAs can be controlled by transcription of the host gene that occurs under physiological control and/or in pathologic conditions [102, 103] . Conversely, a miRNA could negatively regulate the host gene. Elucidation of the relationship between intronic miRNAs and their host genes is important for understanding the functional activity of a miRNA, but is often overlooked in studies where emphasis is place on a target mRNA of the miRNA. Other regulatory mechanisms include lncRNAs that promote skeletal muscle differentiation by transcribing miRNAs as shown for the miR675-3p and miR-675-5p [63] . MiRNA regulation of DNA and vice versa DNA methylation of host genes will control cellular levels of miRNAs, and this mechanism is reported in a number of cancers [104] .
Clinical Relevance of miRNAs in the Skeleton
miRNA Contributing to Osteoporosis
Few genetic links of miRNAs to osteoporosis have been reported: a homozygous mutation in miR-2861 [105] and polymorphisms at target sites [106] . Both deficiencies in bone formation by osteoblasts as well as increased activity of bone resorbing osteoclasts, are reflected by changes in miRNAs that are potential targets for intervention. Recently, reported studies have identified miR-705 and miR-3077-5p as two upregulated miRNAs in BMSCs from osteoporotic (OP) bone [96] that target Runx2 and Hoxa10 [107, 108] . An important study identified that miR-214 levels are elevated in bone specimens from aged patients with fractures and are correlated with a lower degree of bone formation [86••] . This miRNA targets the ATF-4 transcription factor that promotes bone formation. While transgenic mice expressing miR-214 had reduced bone mass, targeted delivery of the antagomiR of miR-214 to osteoblast provided protection from bone loss in the OVX mouse model [86••] .
Determining levels of miRNAs in circulating progenitor cells of osteoclast from OP patients has identified a number of deregulated miRNAs. One study demonstrated that miR-503 is lacking in CD14+PBMCs and when the antagomiR was tested in OVX mice, bone mass improved [109] . MiR-133a was identified in circulating monocytes in 20 postmenopausal women and found to be upregulated in ten of them with low BMD compared with ten patients with high BMD [110] . Although it is not clear yet how this miRNA relates to disease progression, it would be of interest to know if miR-133 was secreted from monocytes, and therefore represents a circulating serum biomarker, as it is known to inhibit Runx2 expression and promote myogenesis, thus affecting other cellular systems. In another study, free circulating miRNAs were reported to be associated with OP fractures; however, these could reflect consequence of the fracture and also may not serve as a potential early biomarker for osteoporosis or for response to intervention of bone loss [111] .
MiRNAs regulating osteoclast differentiation, as well as osteoclastic miRNAs being responsive to estrogen are described [90, 112] . Recently intravenous injection of four miRNAs were tested in vivo: miR-133a, miR-141, miR-190, and miR-219 significantly reduced osteoclast activity in mice [113••] . In this study, two miRNAs, miR-16 and miR-378, which are elevated during normal osteoclast differentiation, were found to be increased in serum and correlated with tumor burden in mouse models. Systemic delivery of these two miRNAs inhibited osteoclast activity and reduced osteolytic bone disease in tumor bearing mice. In another study, miR34a was identified as a potent osteoclast inhibitor by targeting Tgif2 and was demonstrated to block osteoporosis and bone metastasis in mouse models [114] . These are encouraging studies for considering a miRNA for therapeutic intervention, notwithstanding challenges of delivery and specificity of the desired effect.
MiRNA Biomarkers for Osteosarcomas
Osteosarcoma tumors are of unknown etiology and classified into different histologic subtypes based on the population of cells (osteoblasts, fibroblasts, chondrocytes) forming the tumor. Most osteosarcomas (OS) are high grade and mechanistic when diagnosed, most frequently in lungs. Even with limb amputation recurrence of OS remains an issue, and further, chemotherapy regimens remain challenging as tumors become chemoresistant during treatments [115, 116] . Although p53 hereditary mutations have been identified in osteosarcoma and decades of research have demonstrated deregulated expressed genes; however, there is still not a clear understanding of the genomic defects leading to the tumor cell, nor the cell of origin [117] . Thus, there is a compelling need for new countermeasures for assessing risk, intervention at early stages, and biomarkers for informing treatments strategies.
Deregulated molecular signaling in OS is known, including developmental pathways such as Notch, Wnt, TGFβ and tumor-associated CXCR4 signaling [118, 119] . Runx2, essential for osteogenic commitment and differentiation, has a prominent role in supporting osteosarcoma tumor growth [120] . High levels of Runx2 are correlated with poorly differentiated tumors and poor response to chemotherapy [121] . Also, Runx2 was reported to be associated with poor prognosis. Further, Runx2, P53, and pRB status were indicated as diagnostic markers for deregulation of osteoblast differentiation in OS cells [122] [123] [124] . These clinical correlations suggest Runx2 no longer functions as an antiproliferative differentiation factor and the studies point to deregulation of Runx2 activities. One likely mechanism contributing to Runx2 tumor-related properties in OS is the loss of the tumor suppressor WWOX, which is lacking in many cancers, including osteosarcomas [124] [125] [126] . In mouse models of WWOX deficiency, osteosarcomas occur several months prior to detection of tumors in lung [127] .
Numerous profiling studies have revealed miRNAs that are characteristic of human OS tissue or OS cell lines when compared with normal bone marrow derived human stromal cells or osteoblast cell lines [43, 128, 129] . While many studies focus on a single miRNA, other studies showed miRNAs correlated with deregulated cellular pathways, disease subtypes and treatment outcomes [126, 129, 130] . A miRNA global scale profiling study which examined 32 osteosarcoma samples and 12 controls, identified an osteosarcoma signature that correlated with poor differentiation and distinguished chemoresistant vs chemosensitive groups and associated metastasis [130] . MiRNAs that were significantly decreased from controls included miR-15,16, a growth suppressor, miR-29b, and miR-223 that are pro-differentiation factors and seven other miRNAs targeting tumor suppressors. The upregulated miRNAs that are highly correlated with aggressive tumor growth included miR-27a associated with growth and invasion, and the miR-181, miR-10b, miR-214, and miR-190 that were previously classified as "oncomiRs" in other tumors. Many of these miRNAs commonly appear in other OS profiling studies as highly changed miRNAs from control samples. Further, in a study examining 27 sarcomas compared with seven normal controls in an array containing 723 human miRNAs, 23 closely linked miRNAs in cytoband 14q32 were identified. Based on predicted targets identified from gene expression profiles of osteosarcomas, these miRNAs were found associated with pathways regulating osteoblast functions; specifically, Notch, MAPK, WNT, and Jun/Fos signaling which are activated in OS [131] .
Future studies will need to ascertain if deregulated miRNAs are a consequence and/or a contributing cause of tumor aggressiveness. MiRNAs secreted into the circulation could represent potential biomarkers of deregulated genes or pathways and may serve to better guide treatment strategies. Such studies are very limited, however, one study reported results of miRNAs increased and decreased in plasma that are consistent with expression of miRNAs in osteosarcoma tissue [132] . However, aberrant expression of circulating miRNAs could arise in the tumor cell or in other cells in the bone microenvironment in response to the tumor. Either the miRNA or its targeted pathway could be a potential therapeutic target for intervention.
Closing Remarks
The authors acknowledge in this review the unprecedented discoveries of epigenetic regulation of the genome that had to be presented in a limited fashion. Although there is so much more to be learned, it is hoped that this review will encourage investigators to expand current areas of research aiming to develop a deeper understanding of epigenetic controls in normal bone biology and in skeletal disorders.
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